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The inductive output tube

The latest generation of amplifier for
digital terrestrial television transmission

The inductive output tube (10T) is the
latest generation of amplifying device
for use in high-power transmitters. It
entered service in 1991 and is now
used world-wide as a more efficient
replacement for the klystron at UHF.

The performance of the IOT in
analogue television transmitters is
outlined here. The article also
presents and discusses the results of
its performance as the final amplifier
in the new generation of digital
terrestrial television transmitters.

mmm 1. Introduction

R. Heppinstall (EEV Ltd)
G.T. Clayworth (EEV Ltd)

period has been to reduce the cost of ownership of
a transmitter whilst in no way compromising the
reliability which is the hallmark of the television
broadcast transmitter.

Three different types of tubes are in general use as
the final amplifiers in UHF television transmit-
ters:

— tetrodes;
— klystrons;

— inductive output tubes.

When the UHF television service began, tetrodes

The transmission of a terrestrial television servicevere a natural choice. They were available and
at UHF frequencies commenced several decadaonsiderable experience of their use as VHF
ago. Since its inception there has been continuouamplifiers had already been obtained. With some
improvement in the technology employed — bothdevelopment they were soon capable of providing
in the electron tubes available as the final high-outputpowers of up to 20 kW at frequencies of up

power amplifiers and in the transmitters them-to 860 MHz. However, their gain is low and their

Original language: English

selves. The principal objective throughout thisaverage lifetime is only up to 15,000 hours. Manuscript received 11/6/97.
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mmm 2 Principle of operation

CATHOTE TuUMIRG

R INPUT L v HEATER DOOR The principle of operation of an 10T is not new.
i B o | Indeed it was originally described by Andrew

k v | Haeff as long ago as 1939 [1]. Essentially, the

Ig, T [; IOT combines various aspects of tetrode and
—E baamman - I klystron technology to produce a compact highly-

: e | s ""'\-1 e I efficient amplifier.
= Ry
i 'l The major difference between the operation of a
1 | klystronand an IOT is the method used to form the
i 1 e bunches in the electron beam. In a klystron,
| { | | | : velocity modulation is imposed on the beam elec-
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Figure 1
Schematic of the 10T
electron gun region.
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trons at an RF input gap. This is followed by a
Ly R long drift space in which electrons which are

! speeded up at theput gap catch up with electrons
which passed the input gap earlier but which have
subsequentlpeen slowed down. Thus bunches of
electrons are formed.

ZAID ARCOE
| =30 kY =g IGROLIND)

Klystrons have been used as the final amplifier

i o i IOT, on the other hand, the RF input signal is
tube for many years. They have high gain, hlgH” an . e
stability, excellent reliability and long lifetimes. @Pplied between the cathode and a grid which is

The main disadvantage of these rugged tubes ositionedclose to and in front of the cathode (see

theirlack of eficiency. Bythe early 1980s, the RF F19- 1). The electron beam is thus density modu-
conversion efficiency had been improved to 4094ated within the gun region itself. A DC bias volt-
but, nevertheless, energy awareness still emph&9€ (\6) of about minus 80 volts relative to the

sized the demand for even greater energy Savinggathodmotential is applied to the grid so that with

Consequently two modifications to the klystron "0 RF drive a quiescent current of about 500 mA
were introduced: flows. The cathode is held at the negative beam

potential of about —30 kV and the density-modu-
1. A low-voltage beam control electrode waslated beam is thus accelerated through an aperture
incorporated in the gun region. Using this N the grounded anode to the output section. Here,

electrode. the beam current can be pmse@ower is extracted via a conventional klystron

between two values — a high value during thelutput system, except that a double-tuned cavity

. : . system is used in order to provide the 8 MHz
high power, relatively short, sync pulse period ! .
ofgthepTV waveform gn da Iow)(/alupe durirF:g the channel bandwidth required for UHF TV trans-

icture period. Thus the average beam OWerrnissions in Europe and many other parts of the
P P ) 9 POWE or1q. Finally the electron beam is dissipated in a

consumption has been reduced considerably. ¢nner collector of traditional design — either air-

2. A multi-stage depressed collector has been incooled or liquid-cooled depending upon the power

corporated, sthat an appreciable proportion of 1evel involved.

the energy remaining in the electron beam,

downstream of the RF interaction region, can

be recovered.

Abbreviations

Despite these advances, the search for even ma
efficient amplifier tubes continued. This included 8VSB
an examination of old ideas and resulted in the BER
development of a new family of UHF television
amplifiers —the inductive output tube (I0T). This
tube entered service in 1991 and is now use
world-wide. It is established as the technology of DVB
choice for the final amplifier in new higher power Eom
UHF TV transmitters.

Eight-vestigial sideband
Bit error rate

COFDM Coded orthogonal frequency
division multiplex

Digital Video Broadcasting
Figure of merit
ICPM Incidental phase modulation

This article describes the 10T, outlines its perfor- 10T Inductive output tube

mance in analogue TV transmitters, and preseni OFDM
and discusses the results of its performance as tl

final amplifier in the new generation of digital pep
terrestrial television transmitters.

Orthogonal frequency division
multiplex

Peak envelope power
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mmm 3. The electron gun design - 'IE i
i | S \
A typical arrangement of an 10T gun structure i fﬁ’f*ﬁ-‘—- qﬁ% =)

shown inFig. 2. With the exception of the grid, all y ﬁgﬁh_ =
elements ofhe gun are taken from or use the san ;/

i =
technology as the well-proven designs used / ¢§?§£@Wﬁ

conventional klystrons. The grid itself is clamper | i i B
in place in front of the cathode, supported on -~ |H' — ﬁ-"“@-’-'—' LR |_ Drawings showing a

metal cylinder and isolated from the cathode by | N graphite grid shell, a
ceramic insulator whlch a!so form; part of th grid blank and a
vacuum envelope. This is the grid-to-cathod SRID [PART SHOMWN) finished grid.
ceramic insulator through which the RF energy
from the input cavity enters the tube to apply the
RF voltage to the grid. A second ceramic insulatately but also that it is maintained over the de-
tor supports the electron gun at the correct dissign life of the tube (which was set at a minimum
tancefrom the grounded anode. This second insuef 20,000 hours).
lator isalso part of the vacuum envelope and holds
off the beam voltage of up to 35 kV. The choice of material is therefore of fundamental
importance, especially since it must maintain its
Computer-aided design (CAD) techniques havephysical shape when placed in close proximity to
been used to determine the values of various gua cathode operating at a temperature of about
parameters — such as the cathode and grid radii §000C. Pyrolytic graphite has a particular
curvature. Other parameters such as grid wiradvantage for this application in that its strength
size and the number and shapes of the apertur@xreases with temperature up to about 25600
can also be established. One vital dimension ihe grids are produced by feeding methane into a
the cathode-to-grid separation; this gap is at théow-pressure chamber containing a graphite rod
end of a complex transmission line, the other enaf the correct form to produce the required graph-
of which is the input cavity RF input connector. ite “shell’- a cylinder with a closed-shaped end
Indeed this distance is crucial to the operation ofFig. 3). The cold gas is passed into a hot zone in
an 10T because parameters such as tube gain atite reactor which is heated by an RF eddy current
linearity are particularly sensitive to it. It is system from outside the vessel. The temperature
essential that not only is this distance set accus set to about 2,00Q and the pressure to around

Figure 3
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to provide excellent DC isolation under all condi-

il tions of humidity and temperature encountered in
- — - TV transmitters.
A As a result of a specific development programme,
P e P it | B a patented coaxial input cavity has been designed
et (seeFig. 4) in which the dielectric for both the

CAALE TQ __ 24—
GRID

Figure 4
IOT input cavity.
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i| e grid and the cathode chokes is derived from a

v i single ceramic cylinder. This design also allows

=1} the grid lead to be fed through the centre of the
W i cavity sothat RF and video decoupling assemblies
II".:'- can be placed close to the tube itself, giving a

e system which possesses very good linearity per-
- TUMING DRIVE

formance.The resonant frequency of the cavity is

changed by adjusting the position of the annular
sliding tuning door, which also carries a loop an-
- CATHODE COMMECTION tenna through which the RF input signal is fed.

BLBLW

— i 1€ £ |
Attt mmm 5 The double-tuned output
—~ GRID COMRNECTHIN Cavi[y system
- GRIG CHOKE A major requirement for an amplifier operating in

a television transmitter is that it achieves the re-
quired instantaneous bandwidth — for example
8 MHz for PAL system | (as used in the UK). The
conventional klystron has intermediate cavities
which are stagger-tuned to slightly different fre-
10 torr. The graphite shells so produced have guencies irorder to do this. However the IOT has
layered structure with anisotropic properties ancho such intermediate cavities and so it is necessary
are physically strong. The shells are then mato employ a double-tuned output cavity system.
chined to the shape and size required, and thehe design adopted (sE#g. 5) consists basically
holes are cut into the resultant grid blank using &f a pair of orthogonal conventional cavities.
computer-controlled laser. This technique pro-
duces grids having excellent thermal and mechanfhe primary cavity is clamped around the 10T. It
ical properties. contains a rotatable RF coupling loop which can
adjust the amount of coupling (via a short length
. ) of transmission line and a door-knob type anten-
mm= 4. The input cavity na) to the secondary cavity. The secondary cavity
. . . contains a dome structure whose size is such that
External resonant cavities (that is, cavities extery,o cavity covers the required frequency band. A
nal to the vacuum envelope) have been used 0fangard “klystron-type” output coupler connects

Klystrons for many years. Generally they consisihg cavity to the output feeder system. The cavi-
of a split box, the two halves of which can beyes are cooled with filtered forced air.

placed around the klystron and bolted together.

Ther:ﬁ z;cre t\/\éo doors .vyithin the cavit.ies — one ri}”There are four adjustable controls — a tuning con-
ehac a d_fW 0se posmons Caﬂ be agjusted SO thafg| for each cavity and two coupling loops. These
the tuned frequency can be changed. are fitted with digital indicators or scales so that

o o the 10T can be tuned rapidly to any required chan-
In principle, a similar structure can be adapted fohe| of operation.

an IOT input cavity. However in this case the

inner wall of the cavity has to be connected be-

tweenthe cathode and grid — two electrodes whichwmsm 6, Analogue TV performance

are both at a large negative potential. Further, itis

necessary to maintain the outer wall of the cavityTubes installed in negative modulation analogue
and its tuning mechanism at ground potential TV transmitters can be operated in either of two
The cavity therefore incorporates RF chokes bedistinct modes. In the first mode, the tube ampli-
tween the two parts which are designed to preverftes either the vision signal alone or the sound
the leakage of RF energy whilst holding off thesignalalone. A number of tubes are employed and
full beam potential. Care has to be taken with theéheir outputs are combined so that the overall
choice of insulating material for the chokes; it hastransmitter output consists of the combined vision
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and sound signals at the correct relative powepre-corrected to give an acceptable overall trans-
levels. For high-power transmitters, more thammitter performance. The vast majority of I0Ts
one tube may be used to amplify the vision signahre operated in this wayTable 1gives typical
and, similarly, to amplify the sound signal. test results for two different IOTs, both of which
were transmitting negative-modulation analogue
The second mode of operation, which is termed thé&elevision signals.
common amplifier mogés one in which individual
tubes amplify both the vision and the sound signals.
For this application, the linearity of the tube’s Tube type
transfer characteristic is of vital importance. When Parameter 10T9202R | 10T8505
amplifying two signals simultaneously, any non-

linear amplifier will produce intermodulation prod- | Channe! 43 35
ucts. These products can generate unacceptableeak sync, vision output kW | 12.8 55
d|sturbang:es on .the television picture, dependmgSOund output power w128 55
upon their amplitudes: the maximum permitted .

| Peak sync drive w 70 231

values are therefore defined by transmitter specifi
cations. Transmitters are equipped with facilities Sound drive w 5 20
to pre-correct the input signal to the final amplifier
in order to provide reasonable compensation fo
the non-linearity of the tube’s transfer characteris
tics. Despite this, klystrons operated as commonBeam current (mid-grey) A 0.82 1.56
amplifiers cannot be pulsed and generally have t
be derated by about 4 dB with respect to their no

Peak envelope power kw 22.2 95.1

Beam voltage kv 21.9 35

PBeam current (quiescent) mA 490 520

inal vision-only output power. Consequently they| Figure Of Merit %| 78 —
become inefficient. It is therefore customary to op+ ICPM deg 2 2
erate klystrons as vision- or sound-only amplifiers | ¢ o jinearity % 10 15
and to adopt a common amplifier mode of operar— :
tion only in an emergency. Differential phase deg 1 5
Differential gain % 9 4
In contrast, the 10T has an excellent linearity| j,ermodulation products* d8 |  -55 52
characteristic and can be operated at high power—
Gain dB | 226 23.8

levels in the common amplifier mode with a level
of intermodulation products which can readily be*  with respect to peak sync.

HFUT CaVITY
OUTPUT COUFLER

FOCUE SOl
COOLING & COUPLRNG
IMLET T DOl KNOE
PRIMARY .~ E g—— [T SUTPUY
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Table 1
Common amplifier
performance.

Figure 5
IOT output system.
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Figure 6
The I0T9202R inductive
output tube.
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The I0T9202R Kig. 6) is an air-cooled tube, to about 22% at channel 69. Nevertheless the re-

designed for lower power operation whereas theults show that the 10T can readily be corrected

IOT8505 has a liquid-cooled collector and isusing existing technology to give good overall

designed for high-power transmitters. The Figurdransmitter performance. The gain of the tube (20

of Merit (FOM) is high. The values of the TV to 23 dB) is considerably lower than that of a

parameters {CPM, LF non-linearity, differential  klystron (30 to 40 dB) but appreciably higher than

gain and phase, and intermodulation products that of a tetrode (about 15dB). Drive powers of

were all measured with no pre-correction appliedseveral hundred watts are required for the high-

to the IOT input signal, apart from the sync stretchpower 10Ts buthis is well within the capability of

necessary to obtain the correct sync-to-black ratipresent-day solid-state amplifiers.

at the output. o
P I0Ts have also been tested when amplifying a

positive modulation analogue TV signal — in
The values of these parameters do vary over thehich white luminance is at a high power level
UHF TV frequency range: e.g., nhon-linearity risesand peak sync is at a low power level. Since the

Figure of Merit (FOM)

A major driving force in the development of new amplifying tubes for UHF television trans-
mitters has been the quest to reduce operating costs. Comparison of the operating effi-
ciency of different tubes is therefore an important factor when judging their relative merits.
The TV broadcasting industry has adopted the Figure of Merit (FOM) as the comparative
standard. Itis customary to refer to the power of a TV transmitter as that power transmitted
during the peak sync pulse of the TV waveform. However the TV signal is an amplitude-
modulated waveform and the power level for a very high proportion of the time is far less
than the peak sync level. The beam current of an 10T varies in accordance with the instan-
taneous RF power required and therefore the average beam power consumed is much less
than the peak beam power required during the peak sync period.

The Figure of Merit is defined as:

RF Peak Sync Output Power (P))
Average Beam Power (Pj)

FOM = X 100%

where the average beam power is the power consumed when a mid-grey luminance signal
is being transmitted. Values of FOM greater than 100% can therefore be obtained.

For a tube operating in common amplifier mode, the FOM is defined as:

P, + P,

FOM = P,

X 100%

where P, is the audio (sound) power.

Peak Envelope Power (PEP)

When a single tube is used to transmit both the vision and sound services, it is referred to
as the common amplifier mode. The peak instantaneous RF output (P) occurs at the
moment when the voltage vectors for the vision and the sound services sum. For a mono-
phonic system this is given by:

P=V1+/[A)}

where Vs the peak sync vision output and A is the ratio of sound power to peak sync vision
power. For a 10:1 vision-to-sound ratio this gives:

P =173V

When operated in the common amplifier mode, an IOT can be specified by its peak enve-
lope power (PEP) rating. This is defined as the instantaneous RF output power which can
be obtained when the grid is at the same potential as the cathode.
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Figure 7 SECAM system has an amplitude-modulated6%, 4% and 1 degree, respectively, demonstrating

Experimental
arrangement for
investigating the
digital performance of
low- and high-power
I0Ts.
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rather than a frequency-modulated sound carriethe suitability of the tube for this application.

tests were conducted in vision-only conditions.

An 10T8404 gave a peak white output power of i

27.5 kW in European channel 35 at a beam volt—- 7. Digital TV performance

age of 30 kV and an average beam current ofhe future of terrestrial television broadcasting is

1.35 A, corresponding to a FOM of 68%. Thenot analogue but digital and a major concern for

gain was 22 dB and the LF non-linearity, differen-the broadcaster is to establish the power levels of
tial gain and differential phase of the tube werethe proposed digital transmitters. Two of the (pos-

Dr Roy Heppinstallgraduated with a B.Sc. in Physics from the University of Reading, England, in 1963.
Subsequently he was awarded a doctorate from the same university for research in ultra-violet atomic
absorption spectroscopy.
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Dr Heppinstall is author or co-author of many papers on television transmitter amplifiers and is the
inventor or co-inventor of numerous patents.
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sibly conflicting) factors involved are to obtain an
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appropriate coverage area and at the same tin
avoid interference with other transmitters — eithe
other digital transmitters or, during the period of
simultaneous transmission of both systems, ani

= — = W HPRA
KaT 205 K
KaT T.2 KA

- e

logue transmitters which may even be operatin
on adjacent channels.

Two quite different digital transmitting standards

BATE

have been proposed — the European DVI
(COFDM) system and the USA 8-VSB system. In &
both cases the signals are characterized by havhﬁ
a large dynamic range — in particular they have £ 1 *

high peak-to-mean power ratio. Any amplifying
system used in a digital television transmittel
must therefore have the following characteristics

1. Its average power level capability must be
higher than the specified average digital powe

of the transmitter.

. It must be able to handle short-duration high
power transients. Significant clipping of these
transients results in an increased level of inter-
modulation products and bit error rates
(BERS).

. The non-linearity of its transfer characteristic
must be sufficiently low that the resultant effects
on the digital signal can be compensated by th
transmitter pre-correction circuits. Degradationb
due to non-linearity becomes evident through an
increase in BER and in the level of the sidebands

=2

SMiNALMOISE MaTIo (de)

establishedFigs. 8 9 and10 show a selection of
the characteristics, afféhbles 2and3 summarize

variousaspects of the performance when the tub
are operated at different average power levels.

xpected, as the average power level is increased,
oth the signal-to-noise degradation and the side
and levels increase. At the same time the peak-

outside the channel frequency range. 0T peak

The digital performance of both a low-power and Parameter outpL(J|t<\5)vciwer

a high-power 10T have been investigated using

the experimental arrangement shownFig. 7. 18 125 | 28

The adjustable attenuator after the OFDM trans- Peak-to-average ratio dB |86 |69 |59

mitter was used to vary the drive level into the in-

termediate power amplifiers (IPAs) — a class A/ AVerage power kW |25 |81 |7.2

solid-state amplifier and a 1 kW tetrode operating Sideband level dB |28 |27 |-26

in tandem. Thus the output power level of the 10T ¢ | degradation at BER = 104 dB | 0.3 | 0.7 | 2.3

could be varied. The noise generator allowed the

introduction of a defined Gaussian signal-to-noise PEP rating kW | 25 | 25 | 25

level so that BER versus S/N ratio characteristics

could be determined. An attenuator was used f| T  OAM

ensure that a constant input level to the receiver  parameter ype of Q

was maintained independent of the 10T outpu 16 | 16 | 64 | 64 | 64

level. A 23-1 Pseudo Ra_ndom Binary Sequence 0T peak output 109 | 97 1114 | 99 | 7+

was chosen as the test signal. Measurements Ofyer KW

the low-power IOT were taken using a 432-carriel

OFDM signal generated by a prototype modulatof Peak-to-average 717880104115

whereas measurements on the high-power tu gato dB

were taken with a 2k carrier system. Average power kW | 21 | 16 | 18 | 9 |55
Sideband level dB | —20 | =25 | =20 | -23 | =25

BER versus S/N ratio characteristics were deterr .

mined in each case, with and without the 10T in gg\‘Rdf%aﬂat'on a 5|03 001800

circuit. Hence the S/N degradation or loss of

noise margin due to the 10T alone could be PEP rating kw8 | 85 | 85 | 85 | 85
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Figure 8

IOT D140R: BER
versus S/N ratio at
kV beam voltage,
16-QAM signal.

Table 2

Digital performance of
IOT D140R at 22 kV
beam voltage.

Table 3

Digital performance of
IOT D2100 at 35 kV
beam voltage.
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Figure 9 (upper)
IOT D2100: BER
versus S/N ratio at
35 kV beam voltage,
16-QAM signal.

Figure 10 (lower)
I0OT D2100: BER
versus S/N ratio at
35 kV beam voltage,
64-QAM signal.
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to-averageatio decreases due to saturatideab

within the tube.

The peak power rating of an 10T for digital service

common amplifier mode at power levels corre-
sponding to their PEP rating. The results obtained
show that tubes can be operated at peak digital
power levels which are the same as the PEP rating
— with low signal-to-noise degradation. Further,
the peak-to-average ratios are such that the average
powers are well within the tube ratings. The side-
bands however are higher than the limit which
might be required to avoid interference to other
transmitters, and linearity pre-correction and filter-
ing techniques will be needed to reduce them.

mmm 8. Final Remarks

Duringthe last six years, IOTs have been installed
in hundreds of analogue UHF TV transmitters
throughout the world. A range of tubes has been
developed to meet the range of performances
required by those transmitters. Operating experi-
ence has shown that they are an excellent choice
for this application. An IOT was used for the
successful digital TV field trials in the USA and
theyare now installed in a number of digital trans-
mitters. The experience gained, together with the
results of experimental work of the type described
here, show that I0Ts are an excellent choice for
digital UHF television transmitters.
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is obviously a question of considerable importance.

In order to be able to amplify the transient high-mms
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